A hippocampal mossy fiber synapse has a complex structure and is implicated in learning and memory. In this synapse, the mossy fiber boutons attach to the dendritic shaft by puncta adherentia junctions and wrap around a multiply-branched spine, forming synaptic junctions. We have recently shown using transmission electron microscopy, immunoelectron microscopy and serial block face-scanning electron microscopy that atypical puncta adherentia junctions are formed in the afadin-deficient mossy fiber synapse and that the complexity of postsynaptic spines and mossy fiber boutons, the number of spine heads, the area of postsynaptic densities and the density of synaptic vesicles docked to active zones are decreased in the afadin-deficient synapse. We investigated here the roles of afadin in the functional differentiations of the mossy fiber synapse using the afadin-deficient mice. The electrophysiological studies showed that both the release probability of glutamate and the postsynaptic responsiveness to glutamate were markedly reduced, but not completely lost, in the afadin-deficient mossy fiber synapse, whereas neither long-term potentiation nor long-term depression was affected. These results indicate that afadin plays roles in the functional differentiations of the presynapse and the postsynapse of the hippocampal mossy fiber synapse.
Introduction
A hippocampal mossy fiber synapse is formed between an axon terminal of a dentate granule cell, called a mossy fiber bouton, and the proximal dendrite of a CA3 pyramidal cell (Rollenhagen et al. 2007; Wilke et al. 2013) . The mossy fiber synapse has a large and complex structure in which two to four boutons, sometimes one bouton, attach to a dendritic shaft by multiple puncta adherentia junctions (PAJs) and wrap around a highly branched dendritic spine, known as thorny excrescences, where multiple neurotransmitter release sites and multiple synaptic junctions are formed (Amaral & Dent 1981) . Electron microscopic analysis has shown three types of pools of the synaptic vesicles (SVs) in the mossy fiber bouton: the readily releasable pool in which SVs are docked to the active zones (AZs) or clustered around the AZs, the recycling pool in which SVs are recruited to the AZs by intense stimulation, and the reserve pool in which SVs are far from the AZs and tethered by cytoskeletal elements (Santos et al. 2009; Chamberland & T oth 2016) . Postsynaptic densities (PSDs) are located at the heads of the spine branches and face toward the AZs. A single mossy fiber bouton has approximately twenty AZs in mice. Because of the enormous size of the mossy fiber synapse, which triggers large synaptic responses in the postsynapse at the proximal dendrite of the CA3 pyramidal cell (Henze et al. 2000; Bischofberger et al. 2006) , each synaptic transmission via a single mossy fiber is thought to reliably evoke an action potential in a CA3 pyramidal cell, allowing information to flow efficiently. In addition, the mossy fiber synapse exhibits presynaptic long-term potentiation (LTP) and long-term depression (LTD) by high-and low-frequency stimulations, respectively (Zalutsky & Nicoll 1990; Yokoi et al. 1996) . These two types of synaptic plasticity are implicated in cellular bases for learning and memory (Malenka & Bear 2004; Kim & Linden 2007) . The mossy fiber synapse alters its morphologies in response to electrical stimulation and learning (De Paola et al. 2003; Zhao et al. 2012; Bell et al. 2014; Maruo et al. 2016) . Thus, the functional importance of the hippocampal mossy fiber synapse has been well established, but the molecular mechanisms for the formation of such a large and complex structure of this synapse and its structural and functional relationship remain elusive.
Afadin was originally purified from rat brain as a novel actin filament-binding protein and showed a primary sequence similar to that of the human ALL-1 fused gene from chromosome 6 (AF-6) gene product (Mandai et al. 1997) , which is now known as an Afdn gene product. Afadin binds to the cytoplasmic region of the cell-cell adhesion molecules nectins (Takai et al. 2008) . Nectins comprise a family consisting of four members, nectin-1, nectin-2, nectin-3 and nectin-4. Afadin as well as N-cadherin and aN-catenin is symmetrically localized at the presynaptic and postsynaptic sides of the PAJs, whereas nectin-1 and nectin-3 are asymmetrically localized at the presynaptic and postsynaptic sides of the PAJs, respectively (Nishioka et al. 2000; Mizoguchi et al. 2002) . In the cultured hippocampal neurons prepared from afadin f/f ; Nestin-Cre mice, the accumulation of the representatives of the PAJ proteins, nectin-1, nectin-3 and Ncadherin, at synapses is markedly reduced, whereas the accumulation of the AZ protein bassoon and the SV protein of excitatory synapses VGLUT1 at synapses is slightly reduced (Toyoshima et al. 2014) . These results indicate that afadin plays roles in the structural and functional differentiations of the hippocampal mossy fiber synapse. However, the detailed roles and modes of action of afadin in these differentiation processes of this synapse in vivo remain elusive.
We have recently investigated the roles of afadin in the structural differentiations of the hippocampal mossy fiber synapse, using the afadin f/f ;Emx1-Cre mice, which are hereafter referred simply to as the afadin-deficient mice (Sai et al. 2017) . Transmission electron microscopy analysis has shown that typical PAJs with prominent symmetrical plasma membrane darkening undercoated with the thick filamentous cytoskeleton are observed in the control synapse, whereas in the afadin-deficient synapse, atypical PAJs with the symmetrical plasma membrane darkening, which is much less in thickness and darkness than those of the control typical PAJs, are observed. Immunoelectron microscopy analysis has shown that nectin-1, nectin-3 and N-cadherin are localized at the control typical PAJs, whereas nectin-1 and nectin-3 are localized at the afadin-deficient atypical PAJs to extents lower than those in the control synapse and that N-cadherin is localized at their nonjunctional flanking regions. These results indicate that the atypical PAJs are formed by presynaptic nectin-1 and postsynaptic nectin-3 independently of both afadin and N-cadherin and that the typical PAJs are formed by afadin and N-cadherin cooperatively with nectin-1 and nectin-3. Serial block face-scanning electron microscopy analysis has then shown that the complexity of postsynaptic spines and mossy fiber boutons, the number of spine heads, the area of PSDs, and the density of SVs docked to the AZs are decreased in the afadin-deficient synapse. These results indicate that afadin plays multiple roles in the complex ultrastructural morphogenesis of hippocampal mossy fiber synapses.
We have previously shown electrophysiologically that glutamatergic excitatory synaptic transmission is impaired in the cultured hippocampal neurons from afadin f/f ;Nestin-Cre mice (Toyoshima et al. 2014 ), but we have not investigated the detailed roles of afadin in the functional differentiations of mouse hippocampal mossy fiber synapse. To investigate the roles of afadin, we used not only cultured hippocampal neurons but also cultured hippocampal slices instead of acute slices, because cultured hippocampal slices make it possible to reliably record unitary excitatory postsynaptic currents (EPSCs) from a coupled pair of a dentate granule cell and a CA3 pyramidal cell (G€ ahwiler et al. 1997) . In addition, cultured hippocampal slices are closer to the situation in vivo than cultured hippocampal neurons.
Results
Attenuation of presynaptic functions of the mossy fiber synapse in the afadin-deficient hippocampal slice
The presynaptic electrophysiological properties of the hippocampal mossy fiber synapse were examined using cultured hippocampal slices prepared from either postnatal day 5 (P5) or P6 afadin-deficient mouse pups. Unitary EPSCs were recorded from a coupled pair of a dentate granule cell and a CA3 pyramidal cell. The amplitude of the unitary EPSC was significantly reduced in the afadin-deficient slice, compared with that in the control slice ( Fig. 1A and B) . When two presynaptic action potentials were evoked in the granule cell at an interval of 100 ms, the second unitary EPSC was facilitated, compared with the first one in both the control and the afadin-deficient slices ( Fig. 2A and B). In the afadin-deficient slice, however, the second EPSC was significantly more facilitated and the paired pulse ratio was increased. These results indicate that afadin is involved in the regulation of the glutamate release from a hippocampal mossy fiber bouton.
Attenuation of postsynaptic functions of the afadin-deficient cultured hippocampal neurons
The properties of the postsynapses were next examined by electrophysiological recordings of cultured hippocampal neurons. The amplitude of the miniature EPSC (mEPSC) was significantly smaller in the afadin-deficient neurons, compared with that of the control neurons, suggesting that the postsynaptic responsiveness to glutamate is reduced ( Fig. 3A and  B) . Postsynaptic functions were further examined by the assessment of the expression of the AMPA type glutamate ionotropic receptor subunit 1 (GluA1) on the surface of the cultured hippocampal neurons. The immunofluorescence signal for the cluster of GluA1 on the cell surface was reduced by 39.8% in the afadin-deficient neurons, compared with that of the control neurons ( Fig. 4A and B) . These results indicate that afadin is involved in the postsynaptic functions of hippocampal synapses.
Normal induction of mossy fiber LTP in the afadin-deficient hippocampal slice When mossy fiber LTP was induced by high-frequency stimulation (100 pulses at 100 Hz for 1 s, three times at a 10-s interval), it was observed in both the cultured control and afadin-deficient hippocampal slices ( Fig. 5A and B) . The EPSCs were potentiated averagely by 57.8 AE 34.7% and 43.1 AE 16.2% in the control and afadin-deficient slices, respectively. These results indicate that afadin does not regulate LTP and is not required for the regulation of the signaling pathways for LTP in the hippocampal mossy fiber synapse.
Normal induction of mossy fiber LTD in the afadin-deficient hippocampal slice When mossy fiber LTD was induced by low-frequency stimulation (900 pulses at 1 Hz for 900 s, once), it was observed in both the cultured control and afadin-deficient hippocampal slices ( Fig. 6A and  B) . The EPSCs were depressed averagely by 15.8 AE 21.7% and 34.7 AE 6.4% in the control and afadin-deficient slices, respectively. These results indicate that afadin does not regulate LTD and is not required for the regulation of the signaling pathways for LTD in the hippocampal mossy fiber synapse.
Discussion
We have first shown here that afadin regulates the presynaptic functions of the hippocampal mossy fiber synapse. We have previously shown that the number of the docked SVs to the AZs and the undocked SVs in close proximity to the AZs is decreased in the afadin-deficient hippocampal mossy fiber bouton (Sai et al. 2017) . Although the detailed role of afadin in this process remains elusive, it may facilitate the docking, priming, endocytosis, and/or recycling processes. The fine structures of the AZs are not sufficiently observed by serial block face-scanning electron microscopy, but as the immunofluorescence signal for the AZ protein bassoon and the number of the docked SVs are decreased (Sai et al. 2017) , the AZs may be deformed in the afadin-deficient hippocampal mossy fiber synapse, suggesting that afadin regulates the formation of the AZs. The reduced release probability of glutamate in the afadin-deficient slices may represent partly the reduction in the docking of SVs to the AZs, although the function of the release machinery of SVs might also be impaired.
We have shown here that afadin regulates the postsynaptic functions of the cultured hippocampal neurons, although it is not clear from the present results whether afadin qualitatively regulates the postsynaptic functions of the mossy fiber synapse, because the number of PSDs is reduced and furthermore the PSDs are deformed in the afadin-deficient hippocampus. We have previously shown that the area of PSDs per unit volume of a spine is decreased and that the concentration of PSD-95 is slightly decreased in the afadin-deficient hippocampal mossy fiber synapse (Sai et al. 2017) . Although the exact mechanism for the formation of the incomplete PSDs in the afadin-deficient synapse is not known, these structural defects of the PSDs may at least partly explain the impairment of the postsynaptic functions in the afadin-deficient cultured hippocampal neurons. The mossy fiber synapse exhibits presynaptic LTP and LTD. The presynaptic LTP is induced by an increase in cyclic AMP, whereas the presynaptic LTD is induced by the activation of the Gi proteincoupled group II metabotropic glutamate receptor, which is selectively expressed on the mossy fiber boutons (Zalutsky & Nicoll 1990; Yokoi et al. 1996) . We have shown here that both LTP and LTD are observed in the afadin-deficient hippocampal mossy fiber synapse, indicating that afadin is not required for the regulation of the signaling pathways for these forms of synaptic plasticity including the activation of protein kinase A. However, as the basal unitary amplitude of the mossy fiber EPSC was reduced in the afadin-deficient slice, compared with that in the control slice ( Fig. 1A and B) , it could be postulated that the effects of the mossy fiber LTP and LTD were reduced in the afadin-deficient slice, compared with those in the control slice.
We have previously shown that afadin also plays roles in the morphogenesis of the complexity of postsynaptic spines in addition to the regulation of the density of SVs docked to the AZs (Sai et al. 2017) . Thus, it is suggested that the abnormal morphogenesis of the complexity of postsynaptic spines, at least partly, contributes to the attenuation of the glutamatergic excitatory synaptic transmission in the afadin-deficient mossy fiber synapses, because the PSDs are located at the heads of the spine branches and face toward the AZs of the bouton.
We have previously shown that neither nectin-1 nor nectin-3 is involved in the glutamatergic excitatory synaptic transmission in the mossy fiber synapse using acutely made hippocampal slices (Honda et al. 2006) . We have confirmed this finding using the cultured nectin-1-deficient and nectin-3-deficient hippocampal slices (Geng et al. 2016) . In spite of the specific localization of nectin-1 and nectin-3 at the PAJs of the mossy fiber synapse (Mizoguchi et al. 2002) and the reduction in the number of the PAJs of the mossy fiber synapse in these mutant mice (Honda et al. 2006) , nectin-1 and nectin-3 are not involved in the glutamatergic excitatory synaptic transmission, suggesting that the PAJs do not affect the fast glutamatergic excitatory synaptic transmission.
It has previously been shown using regular confocal microscopy, stochastic optical reconstruction microscopy (STORM) and transmission electron microscopy that the number of the synapses formed Figure 5 Normal induction of the mossy fiber LTP in the cultured afadin-deficient hippocampal slice. (A), LTP in the control and afadin-deficient slices. Representative traces of mossy fiber EPSCs before and 30 min after the high-frequency stimulation for LTP induction are superimposed. Upper, control; and lower, afadin-deficient. Black line, before the stimulation; and gray line, 30 min after the stimulation. Vertical scale bars denote 100 pA; and horizontal scale bars denote 25 ms. (B), Summary bar graph (control, n = 6; and afadin cKO, n = 7). Control, Emx1-Cre; and cKO, afadin f/f ;Emx1-Cre. between the axons of the CA3 pyramidal cells and the dendrites of the CA1 pyramidal cells is reduced in the Nex-Cre-dependent afadin-deficient hippocampus, compared with that in the control hippocampus, but that the structure of the remaining synapses and the amount of AMPA glutamate receptor at the synapses are normal (Beaudoin et al. 2012) . In addition, it has been shown that the presynaptic functions of these remaining synapses are electrophysiologically normal, although their glutamatergic excitatory synaptic transmission is attenuated due to the decrease in the synapses in number (Beaudoin et al. 2012) . The present results for the mossy fiber synapse are apparently inconsistent with these previous results for the synapses between CA3 and CA1 pyramidal cells. The exact reasons for these differences are not clear, but may be just due to the difference between these two types of synapses and/or to the different methods and materials used by them and us, that is, field stimulations vs. paired recording and acute hippocampal slices vs. cultured hippocampal slices.
Experimental procedures

Mice
The afadin-floxed mice, Nestin-Cre mice and Emx1-Cre mice were described previously (Tronche et al. 1999; Gorski et al. 2002; Majima et al. 2009 ). They were kept on the C57BL/6J background. The heterozygous mice carrying the afadin conditional allele are referred to as afadin +/f . The mutant and control samples were prepared from the same litter. The morning after coitus and the day of birth were defined as E0.5 and P0, respectively. All animal experiments were approved by the president of Kobe University after the review by the Kobe University Animal Care and Use Committee (approval numbers: P130205, P130205-R1, 24-03-02), and animal experiments were conducted in accordance with the regulations for animal experimentation of Kobe University.
Hippocampal slice and cell culture
The hippocampal slice cultures were prepared from P5 or P6 mouse pups, which were generated by breeding of afadin +/f and afadin +/f ;Emx1 Cre/Cre mice. The hippocampal neuron cultures were prepared from E18.5 embryos, which were generated by breeding of afadin f/f and afadin +/f ;Nestin-Cre mice. To identify the mutants and littermate controls, the embryos were placed on ice in 1 mM sodium pyruvate, HBSS without CaCl 2 and MgCl 2 (Thermo Fischer Scientific, Waltham, MA, USA), and 10 mM HEPES (pH 7.3), for approximately 3 h during genotyping. The hippocampal slice cultures were prepared as previously described (G€ ahwiler et al. 1997) . Briefly, hippocampal slices were sectioned at 400 lm, attached to glass coverslips using clotted chicken plasma (Japan Biotest, Saitama, Japan), placed in sealed test tubes with serum-containing medium and placed in a rollerdrum incubator at 36°C for 14 to 18 days. Cultured hippocampal neurons were prepared as described previously (Toyoshima et al. 2014) . In brief, hippocampal neurons dissociated with trypsin were plated at a density of 5-7 9 10 3 cells/cm 2 on poly-L-lysine-coated coverslips in MEM containing 10% FCS overnight, followed by medium switching with Neurobasal medium (Thermo Fischer Scientific) containing B27 supplement (Thermo Fischer Scientific) and GlutaMAX (Thermo Fischer Scientific) on the next day, and cultured in a 5% CO 2 incubator at 37°C. GluA1 on the cell surface of unpermeabilized hippocampal neurons was labeled using anti-GluA1 monoclonal antibody (Merck, Kenilworth, NJ, USA), and imaged with an LSM510 META confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany) under the same conditions for both control and afadin-deficient neurons. The signal intensity for GluA1 was measured using ImageJ software.
Electrophysiology
The hippocampal cultures at 14-21 days in vitro were transferred to a recording chamber and superfused with an external solution (pH 7.4) containing: 148.8 mM Na + , 2.7 mM K + , 149.2 mM Cl À , 2.8 mM Ca 2+ , 2.0 mM Mg 2+ , 11.6 mM HCO 3 À , 0.4 mM H 2 PO 4 À , 5.6 mM D-glucose and 10 mg/L phenol red. The cultures were kept at 34°C. Recordings were obtained with patch pipettes (2-5 MΩ) using an EPC 10 amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany). Signals were filtered at 10 kHz and digitally recorded using PATCHMASTER software (HEKA Elektronik). For a presynaptic granule cell, a pipette was filled with a solution (pH 7.2) containing 135 mM K-gluconate, 5 mM KCl, 10 mM HEPES, 1 mM EGTA, 2 mM Mg-ATP, 5 mM creatine phosphate, 0.4 mM GTP and 0.07 mM CaCl 2 . For a postsynaptic CA3 pyramidal cell, a pipette was filled with a solution (pH 7.2) containing 121.6 mM CsF, 8.4 mM CsCl, 10 mM HEPES, 1 mM EGTA, 1 mM picrotoxin, 2 mM Mg-ATP, 5 mM creatine phosphate, 0.4 mM GTP and 0.07 mM CaCl 2 . Presynaptic action potentials were evoked by injecting a depolarizing current (1 ms, 1.5 to 2 nA) into a presynaptic granule cell at 0.1 Hz. The holding potential for a postsynaptic cell was À70 mV. The actual membrane potentials were corrected for the liquid junction potential. Series resistance (typically between 5 and 15 MΩ) was regularly monitored and cells were excluded if a change of more than 10% occurred. Paired pulse ratio was obtained by dividing the averaged amplitude of the second EPSC by that of the first one. mEPSCs were recorded in the cultured hippocampal neurons in the presence of tetrodotoxin (1 lM) added to the external solution. mEPSCs were analyzed offline using SYNAPTOSOFT mini analysis software (Synaptosoft, Fort Lee, NJ, USA). To induce LTP or LTD, extracellular high-frequency stimulation Genes to Cells (2017) 22, 715-722 (100 Hz for 1 s, three times at a 10-s interval) or low-frequency stimulation (1 Hz for 900 s, once) were applied to the electrode in the dentate gyrus. The average of EPSCs 30 min after the induction was normalized by that before the induction. ATP, CrP, EGTA, GTP, HEPES and picrotoxin were purchased from Sigma/Fluka (St Louis, MO, USA).
Statistical analysis
Statistical analysis of the difference between mean values was carried out with the two-tailed Student's t-test. The criterion for statistical significance was set at P < 0.05. All values are reported as the mean AE SEM.
